The present study aimed at establishing feasibility of delivering short interfering RNA (siRNA) to target the coagulation cascade in rat and rabbit, two commonly used species for studying thrombosis and hemostasis. siRNAs that produced over 90% mRNA knockdown of rat plasma prekallikrein and rabbit Factor X (FX) were identified from in vitro screens. An ionizable amino lipid based lipid nanoparticle (LNP) formulation for siRNA in vivo delivery was characterized as tolerable and exerting no appreciable effect on coagulability at day 7 postdosing in both species. Both prekallikrein siRNA-LNP and FX siRNA-LNP resulted in dosedependent and selective knockdown of target gene mRNA in the liver with maximum reduction of over 90% on day 7 following a single dose of siRNA-LNP. Knockdown of plasma prekallikrein was associated with modest clot weight reduction in the rat arteriovenous shunt thrombosis model and no increase in the cuticle bleeding time. Knockdown of FX in the rabbit was accompanied with prolongation in ex vivo clotting times. Results fit the expectations with both targets and demonstrate for the first time, the feasibility of targeting coagulation factors in rat, and, more broadly, targeting a gene of interest in rabbit, via systemic delivery of ionizable LNP formulated siRNA.
Introduction
In recent years, the concept of using RNA interference (RNAi) for gene silencing has emerged as a promising tool for both disease treatment in humans 1 and target validation in preclinical species. [2] [3] [4] [5] RNAi is an evolutionarily conserved biological process of gene silencing that employs doublestranded (ds) RNA molecules to direct target mRNA cleavage in a sequence-specific manner through the action of Argonaute2 (Ago2) endonuclease. 6, 7 Various oligonucleotidebased technologies, including short interfering RNA (siRNA), have been developed to successfully produce RNAi on target genes, particularly liver-based targets. 2, 3, 7 While siRNA delivery platforms continue to evolve and be applied to various targets and disease areas, significant opportunities exist in utilizing this technology to aid early target discovery and validation in preclinical studies. siRNAs can be designed to have species-specific or cross-species silencing activity, can be utilized to target a single gene or through siRNA combinations to target multiple genes simultaneously, and can be fine-tuned via dose-titrations. Finally, siRNAs can be designed against targets that may be considered "undruggable" with traditional approaches. Application of siRNA in generating tools and models for thrombotic and hemostatic disorders has only been reported in mice and nonhuman primates so far, with the readouts being limited to coagulation biomarkers. 8 Given that the coagulation cascade plays a central role in thrombosis and hemostasis, 9, 10 and that rat and rabbit are facile and informative preclinical species for thrombosis and hemostasis research, 11, 12 the present studies aimed at establishing feasibility for siRNA-mediated gene silencing of the liver-originated 13 coagulation factors in rat and rabbit, using a previously described ionizable amino lipid-based lipid nanoparticle (LNP) delivery platform. 2, 3 For studies in rat, plasma kallikrein was selected as the target. In recent years, intrinsic cascade factors (factors IX and XI) and contact factors (factor XII and plasma kallikrein) are gaining attention as novel targets for antithrombotic therapies as they may offer antithrombotic efficacy with less bleeding risk compared to current standard-of-care anticoagulants. [14] [15] [16] While numerous studies have established the pivotal roles of factors IX, XI, and XII in thrombotic processes in various preclinical models, contribution of plasma kallikrein to thrombosis and hemostasis is much less understood and so far could only be gleaned from the plasma kallikrein knockout (KO) mouse, 17 the antisense oligo (ASO)-treated mouse, 18 and a very small number of congenital deficient humans. 19 In our studies with plasma kallikrein in rat, we aimed at examining tolerability, potency, selectivity, as well as exploring effects of plasma kallikrein knockdown on thrombosis in the arteriovenous (AV) shunt model and on hemostasis in the cuticle bleeding model.
For studies in rabbit, given that systemic delivery of siRNA for gene silencing in rabbit has not been reported, and that translational findings in the development of active factor X (FXa) inhibitors and their reversal agents have been generated in rabbit thrombosis and hemostasis models, 11, 20, 21 FX was selected as the target. FX exerts its function in the common pathway of the coagulation cascade 10 and inhibition of FXa constitutes a key mechanism for the novel oral anticoagulants that are superior to vitamin K antagonists, which have been the mainstay of oral anticoagulation for many decades. 22 Our choice of targeting independent factors in rat and rabbit thus allows us a broader coverage of the coagulation cascade in seeking proof-of-concept for our delivery platform as well as an opportunity to compare to historical results for plasma kallikrein in rodents and for FX in rabbit. Rabbit FX studies focused on tolerability, potency, selectivity, and translational pharmacodynamic markers (ex vivo clotting assays).
Results

Identification of rat Klkb1siRNA leads
A total of 42 siRNAs were designed to target rat Klkb1 mRNA. Primary in vitro screening was performed using a luciferase reporter assay at a final concentration of 10 nmol/l for each siRNA. Twenty of the 42 siRNAs tested showed over 80% target knockdown at 48 hours post-transfection (Supplementary Figure S1) . The 12 best performing siRNAs A single dose of vehicle or nontargeting control siRNA-LNP (nt control) (1 mg/kg) was administered to the SD rats (n = 8 per group) at day 0. All markers were measured at day 1, 3, and 7 postdosing. Blood urea nitrogen, creatinine, albumin, creatine kinase, aspartate transaminase, alanine transaminase, fibrinogen were measured by standard clinical chemistry methods. Prothrombin time (PT) and activated partial thromboplastin time (aPTT) of the plasma samples were measured in the standard coagulation assays. Data are presented as geometric mean and geometric standard error (GSE%). *P < 0.05, **P < 0.01, ***P < 0.001 compared to vehicle of the same day.
Figure 1 Klkb1 lead short interfering RNA (siRNA) demonstrates in vivo selectivity as well as potency. Sprague Dawley rats received a single administration of Klkb1:(287) siRNA-lipid nanoparticle at the specified doses or nontargeting (nt) control at 0.5 mg/kg (n = 8 per group). Hepatic mRNA levels of Klkb1 and other coagulation factors were determined at day 7. Individual animals and group means with standard deviations are shown. *P < 0.1, **P < 0.01, ****P < 0.0001 compared to nt control. Table S1 ). Based on the maximum knockdown and calculated IC 50 values, we selected four of the siRNAs (sequences shown in Supplementary Table S2 ) for larger scale synthesis and formulation into the LNP for in vivo qualification.
The LNP formulation was well tolerated with minimal effect on coagulation in rat The effects of the LNP formulation on circulating markers for tolerability and coagulability were evaluated in a pilot study with the nontargeting control (nt control) siRNA-LNP ( Table 1) . Sprague Dawley (SD) rats were dosed with either the vehicle or with siRNA-LNP formulations at 1 mg/kg siRNA dose. Circulating biomarkers were assessed at day 1, 3, and 7 postdosing. 1 mg/kg siRNA dose level was selected based on historical internal data demonstrating that this dose level is generally highly efficacious and well-tolerated (data not shown). In this pilot study, although a small number of serum chemistry parameters (blood urea nitrogen, creatinine, albumin) displayed a statistically significant change compared to vehicle control, the level of the changes was very modest (within 12%) and returned to baseline values on day 7. The liver hepatocellular leakage parameters (aspartate transaminase (AST) and alanine transaminase (ALT)) and a muscle injury parameter (creatine kinase) exhibited no difference from vehicle control at any of the tested time points. Fibrinogen showed a slight to moderate increase at day 1 and day 3 (32 and 52%, respectively) and returned to a level similar to vehicle by day 7. PT and aPTT values were Figure 2 Effects of plasma kallikrein knockdown in rat models of arteriovenous (AV) shunt thrombosis and cuticle bleeding. AV shunt study and cuticle bleeding study were carried out on the rats at day 7 postdosing in the study described in Figure 1 . Ex vivo measurements in plasma were also pursued. All results are expressed as mean and standard error of mean. (a) Circulating levels of plasma kallikrein zymogen (plasma prekallikrein) in the various treatment groups at day 7 were determined by the plasma kallikrein enzyme assay as described in Methods. Percent change compared to nt control is noted on the graph. (b) Ex vivo activated partial thromboplastin time (aPTT) at day 7. Percent increase compared to nt control is noted on the graph. (c) Ex vivo prothrombin time (PT) at day 7. Percent increase in the Klkb1:(287) 0.5 mg/kg treatment group compared to nt control is noted on the graph. (d) Percent inhibition of clot weight relative to nt control. Apixaban (3 mg/kg, n = 6 per group) was included as a benchmark. (e) Percent increase in bleeding time relative to nt control. Apixaban (3 mg/kg, n = 6 per group) was included as a benchmark. *P < 0.05, **P < 0.01, ***P < 0.001 compared to nt control for Klkb1:(287) or compared to vehicle control for apixaban. A single dose of vehicle, or nt control-LNP (1 mg/kg), or FX siRNA-LNPs (0.1 or 1 mg/kg) were administered to the New Zealand White rabbits (n = 3 per group) at day 0. All markers were measured at day 0 (baseline), and day 2, 4, and 7 postdosing. BUN, Creat, Alb, CK, AST, and ALT were measured using standard clinical chemistry methods. FIB was measured using a commercially available assay as described in Methods. BUN, Creat, Alb, and FIB are presented as mean and standard error of mean. CK, AST, and ALT are presented as geometric mean and geometric standard error (GSE%). BUN, blood urea nitrogen; Creat, creatinine; Alb, albumin; CK, creatine kinase; AST, aspartate transaminase; ALT, alanine transaminase; FIB, fibrinogen; LNP, lipid nanoparticle. *P < 0.05, **P < 0.01 compared to nt control of the same day. essentially indistinguishable in the LNP and vehicle treated animals, other than a modest (10.7%) prolongation of aPTT at day 1 in the LNP-treated group. These results suggest that the LNP at 1 mg/kg was well tolerated in rats, and did not exert an appreciable effect on the blood coagulation profile with only a minor and reversible aPTT prolongation seen at 24 hours postdose.
In vivo study on the potency of Klkb1 siRNAs in rat Four lead Klkb1 siRNAs were formulated into LNP, evaluated in in vitro dose-response studies in rat hepatocytes to confirm activity (data not shown), and tested in SD rats. The siRNA-LNPs were delivered via a single tail vein (i.v.) injection at 0.5 mg/kg and hepatic Klkb1 mRNA expression levels were examined on days 3 and 7 postdosing (Supplementary Figure S2 ). All four siRNAs led to significant reductions in liver Klkb1 mRNA levels with maximum silencing (>90%) observed on day 3. Klkb1:(287) and Klkb1:(1461) demonstrated better duration of silencing at day 7 than the other two sequences tested. Levels of hepatic Klkb1 mRNA in the nontargeting siRNA group were not different from the vehicle control at both day 3 and 7 postdosing. Based on in vitro and in vivo activity and potency data, Klkb1:(287) was selected for further studies in rat.
Specificity of the rat Klkb1 lead siRNA A comprehensive study was conducted to further evaluate the in vivo potency and selectivity of Klkb1:(287) and the effects of plasma kallikrein knockdown on thrombosis and hemostasis in rats. SD rats received a bolus dose of Klkb1:(287) siRNA-LNP at 0.018, 0.055, 0.166, 0.5 mg/kg, or nontargeting (nt) control siRNA-LNP at 0.5 mg/kg via tail vein injection at day 0. Liver samples were collected at the time of animal termination on day 7 for mRNA analyses for Klkb1 and coagulation Factors II, V, VII, VIII, IX, X, XI, XII (Figure 1 ). Klkb1:(287) treatment resulted in a dose-dependent decrease in liver Klkb1 mRNA level, and ~80% knockdown was observed at the highest siRNA dose level (0.5 mg/ kg). None of the remaining factors displayed dose-dependent reduction in the mRNA levels. Factors VII, VIII, and XI showed slight increases (~0.5 ddCt relative to the control) for some of the treatment doses. Lack of dose-dependence and small magnitude of increase (less that 50%) suggest these increases are unlikely to be physiologically relevant.
Effects of plasma kallikrein knockdown in rat thrombosis and bleeding studies AV shunt thrombosis study and cuticle bleeding study were conducted in the rats at day 7 postdosing in the abovedescribed study. Klkb1:(287) treatment resulted in a dosedependent reduction in the circulating protein level of plasma prekallikrein, and 92% protein knockdown was achieved with the highest dose (0.5 mg/kg) (Figure 2a) . In the ex vivo analysis of the coagulation markers, all four Klkb1:(287)-treated groups trended toward an increase in aPTT, with a statistically significant 16% increase observed for the 0.055 mg/kg group (Figure 2b) . Klkb1:(287) at the highest dose (0.5 mg/kg) produced a subtle (6%) but statistically significant increase in PT, compared to nt control (Figure 2c ). Klkb1:(287) at 0.018, 0.055, 0.166, and 0.5 mg/kg produced numerical clot weight reductions of 13, 25, 44, and 32%, respectively, compared to nt control, with the clot weight reduction at 0.166 mg/kg reaching statistical significance (Figure 2d) . None of the Klkb1:(287)-treated groups produced any statistically significant changes in the cuticle bleeding time compared to nt control (Figure 2e ). These results demonstrate that the siRNA treatment in the rats resulted in dose-dependent reduction Figure 4 Effects of FX knockdown on circulating levels of FX zymogen and the ex vivo clotting assays. Serial blood sampling at day 0 (baseline), and day 2, 4, and 7 postdosing were performed in the in vivo study described in Figure 3 . Circulating levels of FX zymogen (as determined by the FXa enzyme assay) (a), ex vivo prothrombin time (PT) (b), and ex vivo activated partial thromboplastin time (aPTT) (c) in the various treatment groups at all time points were examined. All results are expressed as mean and standard error of mean. *P < 0.05, **P < 0.01, ***P < 0.001 compared to nt control of the respective time point. Percent change from the nt control where there is a statistical significance is noted on the graph. in liver mRNA for plasma prekallikrein, decreased circulating zymogen for plasma kallikrein, and a modest antithrombotic effect in the AV shunt model with no appreciable increase in cuticle bleeding time. The treatment also produced a modest expected prolongation in aPTT.
In view of the modest effects of plasma kallikrein knockdown on hemostasis and thrombosis in our models, we wanted to ensure that the models are sensitive to anticoagulant agents. Apixaban, a new oral anticoagulant therapy targeting FXa, 22 was studied in the same models to help illustrate their dynamic range. Apixaban at a clinically relevant dose, 3 mg/kg, produced a more pronounced (88%) clot weight reduction (Figure 2d ) and a more robust and significant increase (284%) in cuticle bleeding time (Figure 2e) , compared to the vehicle control. Mean ± standard error of mean of aPTT and PT prolongation in the apixaban treated rats were 81 ± 3.1% and 245 ± 7.3%, respectively.
In vitro identification of rabbit FX siRNA leads To achieve Factor X knockdown experiments in rabbit, siRNA oligo design, in vitro and in vivo studies were carried out in a similar workflow as the rat plasma kallikrein studies. In brief, 42 siRNAs were designed against rabbit FX mRNA, and screened using the luciferase reporter assay (Supplementary Figure S3 ). The two best performing oligos (FX:(335) and FX:(336), resulting in >80% knockdown, sequences shown in Supplementary Table S3) were selected for scaleup, LNP formulation, and further characterization in vivo.
In vivo characterization of LNP-formulated FX siRNAs in rabbit New Zealand White rabbits received a bolus dose of vehicle control, or nt control siRNA-LNP (1 mg/kg siRNA dose), or FX:(335) siRNA-LNP (0.1 or 1 mg/kg siRNA dose), or FX:(336) siRNA-LNP (0.1 or 1 mg/kg siRNA dose) at day 0 via intravenous (i.v.) infusion. Serial bleeds from day 0, 2, and 4 and terminal bleed at day 7 were subjected to various analyses. Table 2 shows the results for circulating markers for safety and tolerability. At all time points tested, for all parameters, nt control displayed no statistically significant difference compared to vehicle, suggesting the 1 mg/kg siRNA-LNP formulation is safe and well tolerated in rabbit. For comparisons between the FX siRNAs and the nt control, while FX:(335) and FX:(336) at low dose (0.1 mg/kg) did not produce any change in serum AST or ALT, FX:(335) at high dose (1 mg/kg) produced two-to fourfold increase in AST at all time points tested postdosing, and FX:(336) at 1 mg/kg produced about fourfold increase in AST at day 2 and 4 postdosing, and two-to fourfold increase in ALT at all time points postdosing. FX:(335) at 1mg/kg and FX:(336) at 0.1 mg/kg produced a statistically significant decrease in blood urea nitrogen, but the magnitude was very small and was not considered to be toxicologically significant. The remaining measured parameters (creatinine, albumin, creatine kinase, and fibrinogen) in the FX siRNA-treated groups did not exhibit any difference from nt control at any time points. FX:(335) and FX:(336) treatment in rabbits with the high dose (1 mg/ kg siRNA dose) resulted in slight increases in hepatocellular leakage markers (AST and ALT) that peaked on day 4 and were returning to predose levels on day 7, suggesting a transient hepatocellular injury. Histopathologic evaluation of the liver would be needed to confirm this; however, it was not part of the study design.
To examine potency and selectivity of FX:(335) and FX:(336) in vivo, liver specimens were collected at study termination (day 7) for mRNA expression analyses for all coagulation factors (Figure 3) . FX:(335) at 0.1 and 1 mg/ kg displayed ~40 and 5% mRNA remaining, compared to nt control, respectively, at day 7. FX:(336) at 1 mg/kg displayed ~30% mRNA remaining with no appreciable knockdown observed at 0.1 mg/kg. None of the remaining factors displayed a statistically significant change compared to nt control in their mRNA levels. Results in aggregate suggest that both FX:(335) and FX:(336) delivered selective knockdown on FX with the former being more potent.
Circulating FX zymogen levels in the FX siRNA-treated animals at day 7 were measured using the enzyme assay described in Materials and Methods (Figure 4a) . FX:(335) treatment resulted in marked knockdown in the circulating FX protein in a dose-and time-dependent manner, reaching 88, 96, and 98% knockdown at day 2, 4, and 7, respectively, for the 1 mg/kg treatment group. FX:(336) produced discernible level of FX protein knockdown (75, 84, and 77% at day 2, 4, and 7, respectively) only at high dose (1 mg/kg). Ex vivo PT (Figure 4b ) and aPTT (Figure 4c ) clotting assays were further performed as these are established pharmacodynamic markers for FX loss-of-function. 20 FX:(335) produced a dose-and time-dependent increase in PT compared to nt control group, with the 1 mg/kg dose eliciting ~200% PT prolongation at day 7. FX:(336) at 1 mg/kg produced appreciable level of PT prolongation (41 and 50% increase over nt control at day 2 and 4, respectively) (Figure 4b) . Effect of the FX siRNAs on aPTT was less pronounced with only FX:(335) at 1 mg/kg producing a significant prolongation (96 and 103% increase over nt control at day 4 and 7, respectively) (Figure 4c) . Results demonstrate that the FX siRNA treatment in the rabbits resulted in FX protein knockdown that tracked with mRNA reduction, and the expected hypocoagulability as reflected in ex vivo PT and aPTT prolongations. No difference was observed between the nt control and vehicle-treated groups for FX protein level, aPTT, and PT at any of the time points examined.
Discussion
Of the various siRNA in vivo delivery platforms which include LNPs, polymer conjugates, and simple conjugates, the LNP platform is the most advanced and widely used for systemic delivery. 7 We and others have demonstrated that siRNA-LNP can be successfully used for target gene silencing across a wide range of targets and in a number of preclinical species. [1] [2] [3] 5, 23 In this report, we sought to expand our earlier siRNA efforts and develop a siRNA-LNP delivery platform for the coagulation factors in rat and rabbit with proof-of-concept studies on plasma kallikrein and FX respectively.
We have previously shown that ionizable LNPs, similar to the one described here, primarily target liver in the biodistribution studies, 24 which renders the LNP platform particularly suitable for the liver-originated coagulation factors.
We set out by first assessing effects of LNP formulation on safety parameters and coagulation readouts, given that liver production of hemostatic components can be altered during acute liver response to foreign agents. 25 In the pilot study with the nt control siRNA-LNP in rat (Table 1) , key liver and renal function markers displayed no difference from vehicle control at all three tested time points (day 1, 3, and 7) postbolus dose of LNP. Additional serum chemistry markers did exhibit a statistically significant difference from vehicle control particularly at the earlier time points (day 1 and/or day 3) but the magnitude of the changes was relatively modest and unlikely to be physiologically relevant. Of note is the significant increase at day 1 and 3 in fibrinogen, which is known to often increase in acute-phase conditions, 26 and a subtle prolongation in aPTT at day 1 which subsequently returned to normal levels. In the rabbit study ( Table 2 and Figure 4) , no difference was observed between LNP-nt control and vehicle-treated groups on any of the liver or renal parameters, fibrinogen, or aPTT and PT at day 2, 4, and 7 postdosing. The data in aggregate suggest that the siRNA-LNP formulation at the selected dose of 1 mg/kg elicited a minor and transient response in the liver but was overall tolerable. We therefore deemed it appropriate to further examine target-specific effects of the siRNA-LNPs on thrombosis and hemostasis at day 7 postdosing.
Consistent with historical siRNA effort for other targets and species, our rat plasma kallikrein siRNA lead and rabbit FX siRNA leads were able to achieve dose-dependent and robust knockdown with long duration. At its highest dose (0.5 mg/kg), Klkb1:(287) resulted in more than 80% (Figure 1 ) and more than 90% (Figure 2 ) knockdown of plasma kallikrein mRNA and protein, respectively, at day 7 post-single dose. Likewise, FX:(335) produced >95% mRNA and protein knockdown (Figures 3 and 4) at day 7 post a single dose of 1 mg/kg. These results thus open up the avenue for using siRNAs to study coagulation factors in chronic models and in a titratable fashion in rat and rabbit.
Identification of selective small molecule inhibitors for coagulation factors which belong to the broad class of serine proteases is a well-documented challenge. 27, 28 Through our established in vitro and in vivo screening methodologies, we were able to identify a lead Klkb1 siRNA and lead FX siRNAs that produced selective knockdown of the target in rat (Figure 1 ) and rabbit (Figure 3) , respectively. We note that even though plasma kallikrein bears high sequence similarity to factor XI (FXI) and the two proteases are believed to result from a gene duplication event from a common ancestor, 29 Klkb1:(287) treatment did not result in any reduction in the mRNA levels of FXI. In addition, even though the rabbit siRNAs were selected using a limited set of predicted rabbit transcript sequences (full sequence of the rabbit genome is currently not available), our siRNA design algorithms and screening methodologies enabled us to identify selective FX leads in rabbit. Results thus illustrate the high specificity of the siRNAs as an advantage of the platform and the potential for applying siRNA technology to additional species that are less well characterized.
To study the effect of plasma kallikrein knockdown in thrombosis in rat we selected the AV shunt model, since thrombus formation in this model is a predominantly contact-driven event and plasma kallikrein has not been studied in this model before. Klkb1:(287) produced a dose-dependent clot weight reduction across the range of 0.018-0.166 mg/kg in the rat AV shunt thrombosis model (Figure 2d) . At 0.5 mg/kg, protein knockdown was 92%, and clot weight reduction was numerically smaller than though not statistically different from 0.166 mg/kg, suggesting that the effect of plasma kallikrein knockdown in this model may have reached a plateau. Apixaban, a marketed drug targeting FXa in the common pathway, produced marked (>80%) clot weight reduction (Figure 2d) . More robust antithrombotic effect has also been observed in our hands in the same model for the FXIIa mechanism. 30 We therefore regard the antithrombotic efficacy observed in this model with plasma kallikrein knockdown to be minor. In previously published studies, plasma kallikrein KO mice displayed ~50% clot weight reduction in 3.5% FeCl 3 -induced venous thrombosis model, and were only partially protected from occlusion in 5% FeCl 3 -induced arterial thrombosis. 17 The modest antithrombotic effects observed with the KO mice are therefore in line with our results.
Klkb1:(287) did not produce any statistically significant changes in the cuticle bleeding times (Figure 2e) , consistent with the low-to-no bleeding signal in the plasma kallikrein KO mouse or ASO rat models, 17, 18, 31 and with the absence of bleeding diathesis in plasma kallikrein deficient humans, 19 and in contrast with the FXa mechanism (Figure 2e ). While these results reinforce the concept that targeting plasma kallikrein will not compromise hemostasis, the modest antithrombotic effect suggests it may not be the most attractive mechanism for developing novel antithrombotic therapies.
To study effect of the FX siRNA leads on coagulation in rabbit, ex vivo aPTT and PT assays were conducted, as it has been established in literature that PT prolongation to a large extent and aPTT prolongation to some extent track with FXa inhibition across multiple species including human and rabbit and can serve as translational markers for the FX mechanism. 20, 32 In our rabbit FX siRNA studies, consistent with the stack-ranking of mRNA and protein knockdown, FX:(336) at 1 mg/kg overall produced a similar magnitude (and numerically slightly higher level) of PT prolongation compared to FX:(335) at 0.1 mg/kg. FX:(335) at 1 mg/kg produced the most robust PT prolongation with its kinetics tracking well with protein knockdown (Figure 4a,b) . Ex vivo aPTT displayed less pronounced prolongation than ex vivo PT, and only the FX:(335) 1 mg/kg group produced statistically significant and time-dependent aPTT prolongation (Figure 4c) . Results thus demonstrated that the FX siRNAs produced expected pharmacodynamic effects in rabbit and suggest that our methodologies of mRNA and protein quantification and clotting assays are robust and informative.
It is to be noted that throughout our rabbit study, no spontaneous bleeding or abnormal bleeding was observed in any of the treated animals. It is known that FX KO mice have fatal bleeding 33 and congenital deficiency of FX in human is very rare due to the severe defect on hemostasis. 34 We thus hypothesize that the residual level of FX in our rabbit study (lowest level remaining was ~2% (Figure 4a) ) was likely sufficient in preventing spontaneous or evident bleeding. The titratable knockdown from the siRNA platform thus allows one an opportunity to further study targets for which complete deficiency is incompatible with life. The discernible increase in serum AST and/or ALT associated with high-dose FX siRNA treatment ( Table 2 ) is somewhat surprising and further studies are needed to better assess the reason.
In summary, we set out to utilize LNP-based siRNA platform to target coagulation factors in rat and rabbit. Our results demonstrated that the current LNP formulation is well tolerated in rat and rabbit and does not alter blood coagulation beyond day 3 following single dose administrations. Plasma kallikrein lowering following siRNA-mediated silencing of hepatic mRNA generated modest antithrombotic efficacy in the rat AV shunt model with no bleeding in the rat cuticle bleeding model. FX lowering following siRNA-mediated silencing of hepatic mRNA generated robust PT prolongation and modest aPTT prolongation. Our results are largely consistent with previous findings on both targets, and offer proof-of-concept for using siRNA-LNP platform to target the coagulation cascade in rat and rabbit. Employing this platform to target additional liver-based hemostatic components may generate novel agents and models for study and treatment of thrombotic and hemostatic disorders. As systemic delivery of siRNA in rabbit has not been reported before, our findings mark the first effort of such and pave the way of applying the siRNA technology to rabbit on a broad range of targets and disease biology.
Materials and methods
siRNA oligo design, synthesis and formulation. A total of 42 siRNA oligonucleotides were designed against rat Klkb1 (NM_012725) and rabbit FX (NM_001082016) and synthesized using previously described methods. 2, 35 To ensure siRNA selectivity and selection of oligos with greatest predicted activity, the oligo design criteria invoked utilization of filters including off-target homology, predicted knockdown activity, exclusion of the repeat sequences, and exclusion of known microRNA sites. The best scored oligos were tested in vitro for target silencing and potency evaluations. The sequences of lead Klkb1siRNAs and nontargeting (nt) siRNA control employed in the rat studies is shown in Supplementary Table S2 . The sequences of lead FX siRNAs and nontargeting (nt) siRNA control employed in the rabbit study is shown in Supplementary Table S3 . For in vivo studies, siRNAs were formulated into ionizable LNPs, which were prepared via rapid precipitation process as previously described, 36, 37 In brief, LNPs were assembled by micro-mixing appropriate volumes of an organic solution of lipids with an aqueous solution containing siRNA duplexes. The lipid solution was prepared by dissolving ionizable amino lipid, cholesterol, distearoylphosphatidylcholine, and PEG 2000-DMG, with a molar ratio of 58:30:10:2, in ethanol. Additional detail regarding the chemical structure of ionizable amino lipid, LNP composition, and LNP tolerability are as reported in ref. 37 . siRNA duplexes were prepared in an aqueous citrate buffer (pH 5) using a siRNA to cationic lipid molar ratio of 0.17. Reagent solutions were delivered at nearly equal volumetric flow rates to the inlet of a confined volume T-mixer device using syringe pumps (Harvard Apparatus PHD 2000, Holliston, MA). The mixed material was sequentially diluted into equal volumes of citrate buffer (pH 6) and vehicle (phosphate-buffered saline, pH 7.5) in a multistage in-line mixing process. Following buffer dilutions, LNPs were purified to remove free siRNA via anion exchange chromatography. The residual ethanol was removed and the buffer was exchanged into a buffer suitable for cryo-preservation via tangential flow diafiltration. Finally, LNPs were concentrated to the target siRNA concentration, sterilized by filtration via 0.2-μm sterile filter, vialed under aseptic conditions, and frozen for storage at −20 °C. LNP size and size distribution were determined following freeze/thaw by dynamic light scattering using a DynaPro particle sizer (Wyatt Technology, Santa Barbara, CA). For these LNP formulations, the average particle diameter was 80 ± 1 nm with a particle distribution index of 0.15 ± 0.03. The efficiency of siRNA encapsulation in LNPs was determined by the SYBR gold fluorimetric method and was greater than 90% for all preparations.
In vitro siRNA screening. In vitro screening of siRNA oligos was performed using a luciferase-reporter assay in Hepa1-6 cells. All luciferase reporter plasmids used were derived from psiCHECK2 vector (Promega, Madison, WI) through de novo synthesis of the full-length transcript of rat Klkb1 or rabbit FX cloned downstream of Renilla reporter gene in a genetic fusion. Hepa1-6 cells were seeded in 96-well plates at a density of 10,000 cells per well and incubated at 37 °C overnight. For primary screens, siRNAs were transfected at 10 nmol/l final concentration as described before. 2 The cells were cotransfected with siRNAs and luciferase reporter plasmids using Lipofectamine 2000 reagent (Life Technologies, Grand Island, NY) on the following day. At 48 hours post-transfection, reporter Renilla luciferase and control firefly luciferase activities were measured using DualGlo Luciferase Assay System (Promega) and normalized reporter activity was calculated by dividing Renilla activity by firefly activity of the same sample to normalize for variable transfection efficiency. For 12-point dose-response curve experiments, the siRNA series are three-or fourfold serial dilutions starting at 40 nmol/l, whereas plasmid concentration remained constant.
In vivo rat studies. SD male rats were purchased from Charles River Laboratories (Wilmington, MA). Animals had ad libitum access to food and water. All procedures were approved by the Institutional Animal Care and Research Advisory Committee at Merck.
For the LNP formulation pilot study (n = 8 per group) and the siRNA sequence qualification study (n = 3 per group), SD rats weighing ~150-170 g were utilized. Specified doses of siRNA-LNPs or vehicle control (PBS) were administered via tail vein intravenous (i.v.). Animals were euthanized on day 1, 3, and 7 postdosing (for the formulation study), or day 3 and 7 postdosing (for the sequence qualification study), and blood samples were collected for various analyses. Liver punches were collected for mRNA expression analysis immediately following euthanasia for the sequence qualification study.
For the arteriovenous shunt (AV shunt) and cuticle bleeding studies, specified dose of Klkb1-siRNAs or nontargeting (nt) siRNA control were administered via tail vein (i.v.) to SD rats weighing ~275-300 g (n = 8 per group). The AV shunt thrombosis study and cuticle bleeding study were performed at day 7 post-single dose of siRNA-LNPs based on previously described procedures. 30 Briefly, an extracorporeal shunt (Tygon tubing containing a silk thread) was connected to the carotid artery and jugular vein cannulas. The blood was allowed to flow through the shunt for 15 minutes. The thrombus formed on the thread was weighted. Cuticle bleeding time was investigated by cutting a hind paw toe nail and recording the time to cessation of bleeding for up to 10 minutes. Blood and liver samples were collected following these procedures for analyses of ex vivo circulating markers and liver mRNA knockdown, respectively.
For the apixaban study in the SD rats (weighing ~350 g), apixaban (synthesized at Merck, n = 6 per group) or vehicle (35% hydroxypropyl β-cyclodextrin (HPBCD) in 10 mmol/l PBS, pH 7.0, n = 7 per group) was administered via i.v. infusion over 30 minutes at a rate of 3 ml/kg. At 15 minutes of infusion, AV shunt thrombosis procedures and cuticle bleeding procedures were carried out sequentially as described above.
In vivo rabbit studies. Male New Zealand White rabbits (14-15 weeks of age; 1.8-3.5 kg) were purchased from Covance (Denver, PA). Rabbits were allowed to acclimate for 1 week prior to study start and had ad libitum access to water and standard rabbit chow. All procedures were approved by the Institutional Animal Care and Research Advisory Committee at Merck.
Blood samples were collected via the central ear artery on day 0 for baseline measurements and on day 2, 4, and 7 after dosing with the LNPs. One hour after baseline blood samples were collected, rabbits (n = 3 per group) were dosed i.v. via the ear vein with vehicle (10 mmol/l Tris, 70 mmol/l NaCl with 5% sucrose, pH 7.5) or nontargeting control siRNA-LNP (1.0 mg/kg), or FX-siRNA-LNP (0.1 or 1.0 mg/kg) using a 23 g 3/4"needle. Dosing volume per animal was 2.7 ml/kg at a rate of 15 ml/minute. Blood samples were further processed as described below for analyses of ex vivo circulating markers.
Animals were euthanized on day 7 by lethal injection of Ketamine/Sleepaway, after which liver samples were collected for mRNA knockdown analysis.
Analysis of mRNA knockdown from liver samples. RNA isolation from the rat and rabbit liver specimens was performed using the MagMax RNA isolation method (Life Technologies). RT-PCR Taqman data analysis was performed on an ABI 7900 Real-Time PCR System, as described previously. 2, 3 All reactions were performed in duplicate, and data were analyzed using the ddCt method relative to Gapdh and the nontargeting (nt) control treatment. 38 All Taqman probes and primers were purchased from Applied Biosystems (Foster City, CA) as prevalidated sets for rat or custom made sets for rabbit. Sequences of the probes are not shown but available upon request.
Serum or plasma analyses. For determination of circulating biomarkers for liver and kidney function, whole blood was collected into serum collection tubes. Serum samples were subsequently analyzed on a Siemens Advia 1800 analyzer (Siemens Healthcare Diagnostics, Norwood, MA) for: blood urea nitrogen, creatinine (Creat), albumin, creatine kinase, ALT, and AST.
For ex vivo measurement of aPTT, PT, and circulating levels of rat plasma prekallikrein and rabbit FX, whole blood was collected into sodium citrate tubes (final concentration of citrate in blood was 11 mmol/l). Blood samples were then centrifuged at 2,500 g at 4 °C for 15 minutes to generate plasma. aPTT and PT were measured using standard procedure and reagents (TriniCLOT aPTT S (Tcoag, Bray, Ireland) and TriniCLOT PT Excel (Tcoag), respectively) on a KC4 Delta coagulation analyzer (Tcoag).
Circulating levels of rat plasma prekallikrein protein were determined by the plasma kallikrein enzyme activity assay following activation of the zymogen. Briefly, plasma samples were diluted 200-fold in 50 mmol/l Tris, pH 8, 150 mmol/l NaCl, 5 mmol/l CaCl 2 , 0.1% BSA, then incubated with 5 nmol/l Human FXIIa (Enzyme Research Laboratories, South Bend, IN) at 37 °C for 15 minutes, followed by addition of 1 μmol/l corn trypsin inhibitor (Haemotologic Technologies, Essex Junction, VT) to quench the activation of prekallikrein. The amount of active plasma kallikrein generated was quantified by monitoring its activity (expressed as relative fluorescent unit) on the fluorogenic substrate, HD-VLR-AFC (EMD, San Diego, CA) (E x = 400 nm, E m = 505 nm) on the SpectraMax Plus (Molecular Devices, Sunnyvale, CA). Nonspecific background activity in the reaction system was negligible (less than 10% of the total activity in a normal rat plasma sample (data not shown)).
Circulating levels of rabbit FX protein were determined by the FXa enzyme activity assay following activation of the zymogen, using the Biophen FX Kit (Aniara, West Chester, OH) following manufacturer's instructions. The method was fully validated for use with rabbit plasma samples using purified rabbit FXa enzyme (data not shown). Briefly, plasma samples were diluted 100-fold with manufacturer-supplied buffer and mixed with Russell Viper Venom (1:1) for 3 minutes at 37 °C, to convert FX zymogen to FXa, followed by addition of 1 volume of substrate (R1). A SpectraMax Plus was used in kinetic mode set at 405 nm to determine the initial velocity of FXa conversion, which is directly proportional to the amount of FXa present in plasma as expressed as arbitrary unit of absorbance.
Rat fibrinogen total antigen was measured on the clinical analyzer described above. Rabbit fibrinogen total antigen was measured with the rabbit fibrinogen ELISA kit from Molecular Innovations (Novi, MI).
Statistical analysis. For the rat plasma kallikrein studies, two-tailed unpaired t-tests were performed for mRNA knockdown, and Mann-Whitney tests were performed for protein knockdown, efficacy and bleeding studies. For the pilot LNP formulation tolerability study, data were log transformed for analysis and presented as geometric means and geometric standard errors (GSE%); for fibrinogen unpooled variance t-tests were performed at each day; the remaining analytes were analyzed by analysis of variance with contrast t-tests performed at each day.
For the rabbit FX study, two-tailed unpaired t-tests were performed for mRNA knockdown at day 7, and two-way analysis of variance longitudinal models were fit to the day 0, 2, 4, and 7 data for PT, aPTT, and the markers for liver and renal functions. To satisfy statistical assumptions, protein knockdown was analyzed with analysis of variance separately by time point and log transforms were applied to the analytes in some cases. Comparisons of group means versus the nt control mean were conducted at each time point across the post-treatment time points. Simulation-based multiplicity adjustments were made to each set of comparisons for each analyte in the longitudinal analyses. Figure S1 . In vitro Klkb1 siRNA selection. Figure S2 . In vivo sequence selection study for Klkb1. Figure S3 . In vitro FX siRNA selection. Table S1 . Summary of in vitro screening results for the twelve most potent Klkb1 siRNAs. Table S2 . Sequences of lead Klkb1 and non-targeting (nt) control siRNAs used for in vitro and in vivo experiments. Table S3 . Sequences of lead FX and non-targeting (nt) control siRNAs used for in vitro and in vivo experiments.
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